The paper presents results of kinetic modeling of a "diffuse filament" nanosecond pulsed discharge in nitrogen at P=100 torr, sustained between two spherical electrodes 7.5 mm in diameter and separated by 10 mm gap. The two-dimensional axisymmetric geometry kinetic model incorporates Poisson equation for the electric field, two-term expansion Boltzmann equation for plasma electrons, charged species and excited neutral species kinetics, master equation for N 2 vibrational level populations and state-specific kinetics of vibrational energy transfer, charged species transport in drift-diffusion approximation, and neutral species diffusion. The model predictions are compared with recent time-resolved measurements of absolute N atom number density, N 2 vibrational temperature, and N 2 vibrational level populations in a nanosecond pulse discharge in nitrogen at these conditions, as well as plasma emission images, showing good agreement. The model also reproduces the effect of N 2 vibrational temperature and N 2 (v=1) population rise after the discharge pulse, due to "downward" N 2 -N 2 vibration-vibration energy exchange in the afterglow. The model predicts significant energy coupling in the cathode layer, which has been previously detected qualitatively in schlieren images of compression waves produced by the discharge as well as in NO PLIF images. The modeling calculation results provide new insight into dynamics of nanosecond pulse discharge development, coupled with molecular energy transfer and plasma chemistry. 
Introduction
Kinetics of energy transfer, energy thermalization, and plasmachemical reactions in nonequilibrium electric discharges and afterglow in molecular gases is of considerable interest from a fundamental viewpoint and for applications such as plasma assisted combustion [1] [2] [3] [4] , plasma medicine [5] , and plasma flow control [6] [7] [8] [9] [10] . In pulsed electric discharges used for plasma assisted combustion applications, temporal dynamics of gas temperature and plasmagenerated radical species concentrations control the rates of reactions among the radicals, and may critically influence fuel oxidation, ignition, and flameholding. In electric discharge plasmas used for high-speed flow control ("plasma actuators"), energy partition among different molecular energy modes and the rate of energy thermalization strongly affect the amplitude of pressure perturbations and compression wave formation, which contribute to flow forcing.
In these discharges, reduced electric field in the plasma after breakdown is typically of the order of E/N ~ 50-100 Td (1 Td = 10 -17 V•cm 2 ) [11] . At these conditions, a significant fraction of discharge input energy is loaded to vibrational mode of nitrogen molecules [12] , and may be stored there for a fairly long time, up to several ms [13] , due to slow vibrational relaxation of nitrogen at low temperatures involved. Therefore prediction of kinetics of N 2 vibrational level populations and vibrational energy transfer, along with plasma chemistry, in nonequilibrium plasmas, is key for predictive modeling of plasma assisted combustion and plasma flow control.
The main goal of the present work is development and validation of a predictive twodimensional model of transient, nonequilibrium, chemically reacting, high-pressure molecular plasmas. The focus of the present paper is kinetic modeling of a nanosecond pulse discharge and the afterglow in nitrogen at P=100 torr. This "diffuse filament" discharge, sustained between two spherical electrodes in nitrogen and air, has been previously studied experimentally [14] and computationally [15] using a quasi-one-dimensional Poisson equation / Bolzmann equation / air plasma chemistry / master equation kinetic model. The experimental results include timeresolved measurements of temperature and N 2 (v=0-4) vibrational level populations by ps CARS [14] , as well as of absolute number densities of N atoms (in nitrogen) and N, O, and NO (in air) by LIF and TALIF [14] . Additional experimental data in nitrogen and air, obtained at higher discharge pulse energies, include time-resolved temperature and N 2 (v=0-12) vibrational level populations [13, 16] . Finally, time-resolved measurements of absolute number densities of NO and N atoms in H 2 -air and C 2 H 4 -air mixtures are also available [17] . The present work follows up on recent modeling calculations using a quasi-one-dimensional kinetic model [15] , to capture radial nonuniformity of the discharge filament, electrode surface curvature, and strongly nonone-dimensional structure of the cathode layer. One of the future objectives of developing and exercising this model is predicting compression waves generated by rapid heating of the plasma, which have been observed in our previous experiments [18] .
Kinetic Model
The model used the present work is based on a two-dimensional axisymmetric plasma kinetic model in drift-diffusion approximation, and an unstructured finite volume computer code nonPDPSIM developed by Kushner (e.g. see [19] ). The model incorporates Poisson equation for the electric field; equations for charged species concentrations (electrons and ions); equations for neutral species concentrations, including excited electronic states of molecules and atoms; electron energy equation; heavy species energy equation; equation of state for a perfect gas; and two-term expansion Boltzmann equation for electron energy distribution function (EEDF), which is used to predict electron swarm parameters (diffusion coefficient, mobility, and electron-neutral collision frequency), and rate coefficients of electron impact processes [19] . The present calculations are done at constant pressure conditions.
To model nonequilibrium nitrogen plasma generated by a nanosecond pulse discharge, species incorporated in the model include electrons; positive ions, N 
1 Calculated by the Boltzmann solver using cross sections from Refs. [20] [21] [22] .
Electron swarm parameters and electron impact rate coefficients were calculated by the built-in Boltzmann equation solver exercised for a wide range of reduced electric field values (E/N), prior to running the rest of the code, and curve fitted as functions of electron temperature. The elastic and inelastic electron-neutral collision cross sections for nitrogen used by the Boltzmann solver, including cross sections for vibrational excitation of N 2 (v=1-8), were taken from Bolsig+ database [20] . Cross sections for vibrational excitation of N 2 (v=9=17) were taken from Ref. [21] . The rates of V-V and V-T processes for N 2 -N 2 were predicted using the Forced Harmonic Oscillator theory [23] , which is in good agreement with semiclassical trajectory calculations [24, 25] . Room temperature N 2 -N 2 V-V rates among the low vibrational levels were experimentally validated by Ahn et al [26] . Diffusion coefficient for heavy species are calculated based on Lenard-Jones 6-12 cross sections. Ion mobility was extrapolated from the experimental data [27] to high reduced electric fields as ~ (E/N) -1/2 [12] , and was assumed to be constant at a representative reduced electric field value in the cathode sheath.
In the present work, the master equation for N 2 vibrational level populations was solved for only for levels up to v=20, which was found to be sufficient. No significant vibrationvibration (V-V) pumping to higher vibrational levels occurs at the present conditions, since N 2 vibrational distribution function (VDF) at long time delays after the discharge pulse is truncated by radial diffusion.
The electrode geometry used in the present simulations is the same as experiment of Ref. [14] , and is shown schematically in Fig. 1 . Basically, the discharge is sustained between two copper spherical electrodes 7.5 mm in diameter, separated by a 10 mm gap. The upper electrode is the high voltage electrode and the lower electrode is grounded. The electrodes are located inside a dielectric (acrylic plastic) discharge cell filled with 100 Torr of nitrogen. The nitrogen flow rate through the cell is fairly slow (estimated flow velocity ~ 5 cm/s [15] ), such that in the present work the flow was assumed to be stagnant on the simulation time scale, ~ 10 ms). The secondary electron emission coefficient from the cathode was assumed to be γ=0.2.
The mesh used in the present calculations is shown in Fig. 2 . The mesh cell size in the region 2 mm radius and 10 mm long (along the centerline), and in the region along the upper electrode (anode) surface is 50 μm, while the cell size of 5 μm was used in the region along the cathode surface. The 5 μm cell size is sufficient to resolve the cathode layer structure, approximately 100 μm thick at the present conditions, while also ensuring that discharge geometry and the predicted current pulse were mesh independent. Several mesh refinement independence tests have been done, varying both the cell size in all these regions and the radius of the mesh refinement region.
Although the baseline kinetic model incorporates external electrical circuit equations, in the present work they were not used and the experimental voltage pulse shape measured between the electrodes [14] was used as one of the code inputs, as a boundary condition on the upper electrode. The experimental voltage pulse waveform is plotted in Fig. 3 . The total pulse duration is approximately 250 ns, with peak voltage of 11.5 kV, 29 ns rise time, 10 ns fall time after breakdown, and a quasi-steady-state stage with voltage near 2 kV, approximately 150 ns long.
In the present work, a full set of equations was solved until t=260 ns, when the applied electric field and the electron temperature became very low. At this point, charged species kinetics and transport, as well as Poisson equation, were turned off, and the afterglow was modeled taking into account only kinetics process among the neutral species (including excited species), until t=10 ms. This approach allowed using significantly larger time steps in the afterglow and reducing the overall calculation time.
Results and Discussion
Figure 4 compares experimental and predicted discharge current and coupled energy waveforms in a nanosecond pulse discharge in nitrogen at P=100 Torr between the electrodes shown in Fig. 1 , using the applied voltage pulse shown in Fig. 3 . The discharge current predicted by the model and plotted in Fig. 3 is integrated over the anode surface, and compared to the experimental current waveform, also measured on the anode. It can be seen that peak predicted current, ≈ 12.7 A, reached soon after breakdown (at t=34.5 ns), is close to the experimental result. After peaking, the predicted current decays to the quasi-steady-state value of ≈ 4 A (see Fig. 4 ). In contrast, the experimental quasi-steady-state current value is significantly higher, ≈ 10 A. Sensitivity study of the predicted current waveform dependence on the input parameters of the kinetic model shows that it is very sensitive to ion mobility in the cathode layer, which decreases with the reduced electric field [12] but is assumed to be constant in the present calculations. Ion mobility controls ion current to the cathode and therefore secondary electron current from the cathode. During breakdown, when cathode-directed ionization wave reaches the cathode, the field in the cathode layer exhibits a significant transient overshoot, before decaying to a quasisteady-state value. Thus, assuming constant ion mobility may considerably overpredict the current overshoot or underpredict the asymptotic value of the current. In the present calculations, the E/N value at which ion mobility was calculated was chosen such that the transient current overshoot was minimized. Increasing ion mobility, i.e. using its value at lower E/N, yields quasisteady-state current close to the experimental data but also results in a significant current overshoot after breakdown. Incorporating electric field dependence of ion mobility, i.e. lower mobility during breakdown and higher mobility during the quasi-steady-state discharge is expected to resolve this discrepancy.
Due to lower predicted current after breakdown, the predicted pulse energy coupled to the plasma is also lower compared to the experimental value, by approximately a factor of two (see Fig. 4 ). However, full width at half maximum (FWHM) of the discharge filament after breakdown predicted by the model, 1.6 mm, is also somewhat lower compared to the apparent filament FWHM inferred from an ICCD camera image of broadband plasma emission (see Fig.  7 ), 2.1 mm [14] . Therefore average energy coupled per molecule predicted by the model, calculated from the predicted pulse energy and plasma volume based on filament FWHM, 0.20 eV/molecule, is close to the number estimated from the experimental coupled pulse energy and filament volume based on the apparent FWHM, 0.22 eV/molecule. Figure 5 shows contour plots of electron density and the electron temperature in the plasma during breakdown, at t=25.5 ns, when the cathode-directed ionization wave generated in the plasma is approximately halfway between the electrodes. It can be seen that electron density across the wave front increases from n e ~ 10 12 cm -3 to peak at n e ≈ 5•10 13 cm -3 . Electric field ahead of the ionization wave front is very high, such that the electron temperature in this region peaks at T e ~ 10 eV, producing rapid electron impact ionization in the wave front. Behind the wave, the electric field drops rapidly due to charge separation in the wave front and resultant plasma self-shielding, such that the electron temperature decreases below T e ~ 1 eV, before rising again near the anode, to T e ~ 3-5 eV. Note that although the wave propagates toward the cathode, it is driven entirely by the secondary electrons emitted from the cathode and drifting toward the anode. After the ionization wave reaches the cathode, the cathode layer becomes selfsustained, and a quasi-DC discharge is established across the gap. Due to high current density in the cathode spot predicted at this stage, j c = 10.4 A/cm 2 on the centerline, significantly higher compared to current density in the normal glow discharge (j n ≈ 2.4 A/cm 2 for discharge in air with copper electrodes at P=100 Torr [12] ), the predicted cathode voltage fall, U c = 550 V, is also significantly higher compared to the value in the normal glow discharge (U n ≈ 210 V for discharge in nitrogen with copper electrodes at P=100 Torr [12] ). This characterizes the quasisteady-state discharge formed after breakdown as the abnormal glow discharge. Figure 6 plots electron density and the electron temperature distributions in the plasma near the end of the quasi-steady-state stage of the discharge, at t=200 ns. It can be seen that the discharge filament diameter is somewhat increasing from the anode to the cathode, and the extent of the cathode spot considerably exceeds the filament diameter. Comparing this with Fig.  7 , which shows an ICCD camera image of plasma broadband emission during the pulse (with camera gate of 100 ns), it can be seen that the model reproduces the overall structure of the plasma fairly well, including the extent of the cathode spot. One can also see that after the ionization wave reaches the cathode, the electron temperature in the bulk of the plasma, outside of the cathode layer ~ 100 μm thick, is T e ~ 1-2 eV. The electron temperature in the cathode layer exceeds T e ~ 10 eV, peaking at the periphery of the cathode spot, which results in its slow expansion over the surface of the cathode as a surface ionization wave. Figure 8 plots N atoms number density distributions at four different moments after the voltage pulse rise, at t=250 ns (near the end of the voltage pulse), 200 µs, 2 ms, and 10 ms. It can be seen that N atoms number density at the end of the discharge pulse follows closely the electron density distribution, including the cathode layer (compare Fig. 6(a) and 8(a) ), since N atoms are generated primarily by electron impact dissociation of nitrogen molecules. In the afterglow, N atoms distribution is gradually "smeared" due to radial diffusion from the filament, as well as diffusion from the cathode layer (see Fig. 8(b-d) ). Note that due to N atom recombination being very slow (the estimated recombination time ~ 20 ms, see Table 1 ), N atom number density in the discharge gap does not change significantly until ~ 1 ms after the discharge pulse, when diffusion becomes significant. Qualitative comparison of Fig. 8(b) with the experimental NO PLIF image in air, taken 10 µs after the discharge pulse at the same experimental conditions as the discharge in nitrogen [14] (see Fig. 9 ), shows considerable similarity between the two images. In particular, this comparison demonstrates significant N atom generation in the cathode layer, which spreads over the cathode surface.
Previous quasi-one-dimensional kinetic modeling calculations [14] demonstrated that a significant fraction of the total discharge pulse energy in the filament is coupled to the cathode layer, which results in significant N 2 electronic excitation and dissociation in this region. Our previous experiments [18] also demonstrated strong compression waves originating from the cathode layer in the nanosecond pulse discharge afterglow in nitrogen and air, indicating considerable gas heating in this region on sub-acoustic time scale. These experiments, however, were conducted at significantly higher coupled pulse energies and thus may serve only for qualitative illustration of significant energy coupling to the cathode layer, which is not taken into account in zero-dimensional plasma chemistry models. Figure 10 compares the experimental [14] and the predicted time-resolved N atoms number density on the filament centerline. It can be seen that the model predictions are in good agreement with the experimental results. Note that the model predicts a rise in the ground state N( 4 S) atoms number density on the time scale of approximately 10 μs (see Fig. 10 ). This occurs due to collisional quenching of metastable N( 2 P) atoms, generated in the afterglow during quenching of N 2 (A 3 Σ) molecules by the ground state N( 4 S) atoms (see Table 1 ). The rate for N atom decay due to radial diffusion in late afterglow, on ms time scale, is somewhat overpredicted (the predicted characteristic decay time is 5.3 ms vs. 7.1 ms in the experiment, see Fig. 10 ), which is likely due to underpredicting the plasma filament diameter, 1.6 mm vs. 2.1 mm in the experiment. Figure 11 compares time-resolved relative populations of first five vibrational levels of nitrogen on the discharge centerline, N 2 (v=0-4), with the experimental data [14] . Note that the experimental N 2 vibrational level populations, measured by ps CARS using USED-CARS phase matching geometry [14] represent spatially averaged values, with 95% of the signal originating from the region approximately 2 mm along the focused laser beams, directed across the filament. During the discharge pulse, N 2 vibrational distribution function (VDF) is dominated by electron impact excitation of N 2 (v=0) to higher vibrational levels. The model shows good quantitative agreement with the data for v=0-2 but overpredicts populations of levels v=3 and v=4. Our previous quasi-one-dimensional modeling calculations [14] demonstrated that this difference is caused by ignoring electron-electron collisions, which become significant at high peak ionization fractions reached at the present conditions, n e / N ~ 10 -4 . Incorporating electron-electron collisions into the quasi-1-D model improved the agreement with the data considerably [14] , and is expected to produce the same effect in the present model. Figure 12 plots the predicted time-resolved N 2 "first level vibrational temperature", T 0,1 , at different distances from the filament centerline. The "state-specific vibrational temperature" is defined as
where E w -E v is the difference between energies of vibrational levels w and v, and f w and f v are their relative populations. The model predictions in Fig. 12 are compared with measurements by ps CARS [14] , which are spatially averaged between r=0 and r ≈ 1 mm, as discussed above. It can be seen that the model predictions at r=0 and r=0.5 mm are in good agreement with the experimental data. As expected, the vibrational temperature rapidly decreases with the radial distance, where electron density is lower, falling by about a factor of two at r=1 mm (see Fig. 12 ). From Fig. 12 , it can also be seen that both experimental and predicted vibrational temperature keeps increasing after the discharge pulse (from T 0,1 = 1300 K on the centerline at the end of the pulse, at t = 250 ns, to peak value of T 0,1 = 2400 K approximately 150 μs after the discharge pulse). This effect, which has also been observed in pulse discharge afterglow previously [13, 14, [28] [29] [30] occurs due to "downward" V-V exchange, illustrated in greater detail in Fig. 11 and in Fig. 13 , which plots N 2 vibrational distribution functions predicted by the model on the centerline (at r=0) and at r=1 mm.
From Fig. 13 , it can be seen that the nascent distribution produced by electron impact excitation at the end of the discharge pulse has a well pronounced bimodal structure, with the "vibrational temperature" of levels v=1-6, T 1,6 ~ 5000 K, being much higher compared to "first level vibrational temperature", T 0,1 ~ 1300 K. Basically, this occurs because in short duration pulsed discharges, such that the pulse duration is shorter compared to characteristic time for V-V exchange, the slope of vibrational distribution functions for v>1 is controlled by the electron temperature, of the order of T v ~ 1 eV, much higher than the first level vibrational temperature. After the pulse, vibrational level populations come to quasi-equilibrium with a common vibrational temperature T vib ~ T 0,1 ~ T v,v+1 , due to "downward" V-V exchange with vibrational levels strongly overpopulated by electron impact during the discharge,
During this process, relative population of v=1 increases, that of v=2 remains relatively flat, and populations of vibrational levels v>2 decrease (see Figs. 11 and 13) . Note that this effect (i.e. first level vibrational temperature rise) occurs on a longer time scale away from the filament centerline (see Fig. 12 ). It can be seen that at r = 1 mm, first level vibrational temperature peaks at t = 860 μs, compared to t = 160 μs at r = 0. This delay is due to two reasons, (i) lower N 2 vibrational populations away from the centerline at the end of the pulse (compare Fig. 13(b) with Fig. 13(a) ), which results in a longer characteristic time for V-V exchange,
and ( 
Summary
In the present paper, two-dimensional master equation kinetic model is used to simulate kinetic processes in a nanosecond pulse discharge (discharge pulse duration ~250 ns) sustained in nitrogen at P=100 torr between two spherical electrodes separated by a 100 mm gap. The results are compared to recent measurements of N 2 (v=0-4) vibrational level populations and absolute number density of N atoms [14] , showing good agreement. Qualitative comparison of spatial distribution of electron density in the discharge filament with broadband plasma emission images in nitrogen, and of spatial distribution of N atom number density with NO PLIF images in a nanosecond pulse discharge in air, at the same conditions, suggests that the model correctly reproduces the spatial distribution of energy loading in the discharge filament during the pulse.
The model correctly reproduces experimental breakdown voltage and peak current during breakdown but underpredicts the current during the quasi-steady-state discharge after breakdown. This difference is traced to the use of constant ion mobility rather than mobility dependent on the reduced electric field. The model also appears to somewhat underestimate the discharge filament diameter, compared to ICCD images of broadband plasma emission images taken during the discharge pulse, but reproduces the extent of the cathode spot apparent from the images. Spatial distribution of N atoms number density predicted by the model 10 µs after the discharge pulse is in good qualitative agreement with NO PLIF images taken 10 µs after the discharge pulse in dry air, at the same experimental conditions. This suggests that coupled energy density distribution in the discharge, including significant energy coupling in the cathode layer, is reproduced by the model correctly.
Time-resolve N atom number density after the discharge pulse and time-resolved N 2 (v=0-4) vibrational level populations predicted by the model are in good agreement with the experimental data. Comparing the present 2-D model predictions with previous quasi-1-D modeling calculations [14] demonstrates that incorporating electron-electron collisions would improve the agreement for populations of N 2 vibrational levels v=3 and v=4. Centerline timeresolved N 2 first level vibrational temperature predicted by the model is also in good agreement with the experimental data. Both experimental and predicted vibrational temperatures exhibit a transient rise after the discharge pulse, on the time scale of ~100 μs. This rise is caused by the "downward" N 2 -N 2 V-V exchange in the afterglow, when N 2 vibrational distribution function transitions from the nascent distribution produced by electron impact excitation during the pulse to a near-Bolzmann distribution.
Future work includes incorporating energy transfer and plasma chemical reactions in air chemistry, including "rapid" heating and oxygen dissociation during quenching of electronically excited N 2 molecules by O 2 molecules, NO formation during reactive quenching of electronically excited N 2 molecules by O atoms, and vibrational relaxation of nitrogen by O atoms. The modeling calculations will also be done at higher discharge pulse energies, up to ~15 mJ/pulse, at the conditions of recent experiments [13, 16] , with plasma chemistry coupled with compressible Navier-Stokes equations, already incorporated in nonPDPSIM, to study the effect of rapid heating on compression wave formation detected in the experiments.
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